The effect of the solvent nature (acetonitrile, ethanol, dimethyl sulfoxide, and dioxane) and its concentration on the fluorescence intensity of pyrene sorbed on the cellulose diacetate (CDA) film from a water-organic solution was studied. Dimethyl sulfoxide and ethanol are shown to be the most effective solvent additives for pyrene solid-surface fluorescence (SSF). The maximum SSF signal of pyrene was found upon sorption of the substance from aqueous media containing 1.2-4.2 vol% DMSO. For the pyrene quantitation the concentration dependence of its SSF intensity at the maximum of the spectrum at em = 394 nm and exp = 320 nm was plotted. The dependence has a linear character in the pyrene concentration range 2⋅10 −6 -2⋅10 −8 g/L, and the limit of pyrene detection is 2⋅10 −11 g/L. The possibility of determining benzo(a)pyrene using SSF technique with the CDA matrix is proved. The proposed method is promising for use in environmental monitoring of polycyclic aromatic hydrocarbons.
Introduction
Solid-surface fluorescence (SSF) is a method of analysis which combines sorption concentration of a substance on a solid matrix followed by its fluorescent analysis in the sorbent phase [1, 2] . This technique provides a significant increase in the sensitivity and selectivity of fluorescence analysis. SSF was applied for determination of organic and inorganic compounds in various media [3] [4] [5] . SSF analysis of polycyclic aromatic hydrocarbons (PAH) is of particular interest.
PAH take an important place among environmental pollutants because of their ability to accumulate in the environment, high stability, carcinogenic, and mutagenic activity [6, 7] . PAH are produced in both natural and anthropogenic thermal processes, such as volcanic activity, forest fires, tectonic and hydrothermal manifestations, burning of solid and liquid fuels, pyrolytic waste decomposition, and operation of internal combustion engines; moreover they get to the environment from leakage and spills of petroleum and products thereof [8, 9] . That is why PAH are found in various environmental media, materials, and food [9, 10] .
The list of priority PAH for mandatory control, approved by the US Environmental Protection Agency (EPA), contains 16 compounds [11] . In Russia the most toxic PAH benzo(a)pyrene should be controlled in drinking water, waste water, air, soil, and food. The complexity of PAH analysis in environmental objects is due to their low concentrations and the multicomponent nature of their mixtures; therefore, any analytical methods to be developed should have high selectivity and a low detection limit. As PAH are luminophores with typical quasiline spectra the SSF method is promising for the design of test systems for environmental monitoring.
Various sorbents have been studied as solid-phase matrices for SSF analysis of PAH: silica gel [12] , zeolites [13] , foamed polyurethane [14] , nylon membranes [15] , silver nanoparticles [16] , and cellulose [17] . Materials based on natural polysaccharides and their derivatives are of the most interest because of their availability, low cost, and biodegradation possibility. The cellulose matrix is one of the most 2 International Journal of Optics popular sorbent for SSF [3, 17, 18] , but it has some disadvantages, among which there are disposability and the relatively low efficiency of sorption due to the hydrophilic nature of the material.
Materials made from the artificial polysaccharide cellulose diacetate (CDA) have a number of valuable properties, which allow using them as sorbents and membranes for the purification and preconcentration of different substances [19, 20] . Earlier we reported about testing CDA fibers and films as matrices for the SSF of pyrene taken as a model PAH [21, 22] . Both were shown to be good sorbents for pyrene from watermicellar surfactant media. CDA films were characterized as the preferable matrices for SSF of PAH.
The molding composition for CDA films preparation was optimized; the designed films were compared with commercial filtering CDA membranes by the efficiency of pyrene sorption and SSF [23] . In the range of pyrene concentrations in sorbate 10 −6 -10 −8 M an SSF signal was observed only for the laboratory films. It was concluded that matrices to be used for pyrene SSF should be finely porous (pore sizes within 100-500 nm), smooth, not transparent, and hydrophobic.
In order to get the intensive SSF signal of PAH existing in low concentrations in water media we had to identify the optimal conditions for analyte sorption on the CDA matrices. It is known that a solvent has a great influence on the efficiency of substance sorption and on its luminescence [24] [25] [26] [27] [28] . Therefore, the aim of this study was to investigate the effect of the solvent nature and concentration on the sorption and fluorescence of pyrene on a CDA matrix and to estimate the possibility of PAH quantitation in aqueous medium using this method.
Materials and Methods
Matrices were made using CDA with the following characteristics: a viscosity-average molecular weight of 77 kDa, an acetylation degree of 55%, and 3% moisture (Technofilter Ltd., Vladimir, Russian Federation). Films were cast under standard conditions by placing a 2 wt. % CDA solution in an acetone : water (95 : 5, acetone of analytical grade) mixture followed by solvent evaporation. The solution was applied onto mirror flat glasses previously degreased with ethanol and acetone, using a glass round spinneret. The solvent removal completeness was judged by no changes in the weight. The film thickness was 45 ± 5 m.
Pyrene (Fluka, Germany) solutions in water-organic media with concentrations 2⋅10
were used in experiments. Stock pyrene solutions (10 −2 g/L) were prepared in several solvents: acetonitrile, ethanol (96%), dimethyl sulfoxide (DMSO), and dioxane (the solvents were of analytical grade, LenReaktiv, Saint-Petersburg, Russia) and stored in a dark place to prevent photochemical destruction. The sorption of pyrene and benzo(a)pyrene from solutions was performed in dynamic mode. To this purpose, the solutions (V = 10 ml) were passed through the matrices three-five times, using a disposable sterile syringe Master UNI "PharmLine Limited" (Cornwall Buildings, Great Britain). The mass of the CDA films was 8.0±2.5 mg. Then the matrices were dried at room temperature until constant weight.
The fluorescence spectra of pyrene and benzo(a)pyrene in a solution and on solid matrices were recorded on a spectrofluorimeter Fluorat-02-Panorama (Lumex, SaintPetersburg, Russia) with a holder for solid samples. The spectral range for pyrene was 350-420 nm, with the excitation radiation wavelength ( ex ) being 320 nm. The spectral range for benzo(a)pyrene was 380-480 nm, ex = 296 nm. The fluorescence intensity ( Fl ) of pyrene was measured at the second maximum of the spectrum at em = 394 nm and ex = 320 nm.
Results and Discussion

Fluorescence of Pyrene and Benzo(a)Pyrene in WaterEthanolic Solutions and on Cellulose Diacetate Matrices.
In order to estimate the possibility of determining PAH in aqueous media using SSF on the CDA films we compared the fluorescence of pyrene and benzo(a)pyrene in water-ethanol solutions and in the solid phase of CDA matrix. Pyrene is usually utilized as a model compound in studies on PAH because of its low toxicity [17, [21] [22] [23] . Benzo(a)pyrene is known as the most toxic PAH with carcinogenic and mutagenic activities [6] . Analysis of benzo(a)pyrene as an individual compound is relevant for conducting sanitary and hygienic studies in Russia.
A comparative analysis of the fluorescence intensities of pyrene in water-ethanol solutions and in the CDA solid phase after its sorption from these solutions has shown that pyrene at a concentration of 10 −5 g/L (5⋅10 −8 M) in solution is not detected (see Figure 1(a) ) whereas pyrene sorbed on the CDA film from a similar solution shows an SSF signal.
The higher SSF signals on the CDA matrix were obtained for benzo(a)pyrene sorbed on the CDA film from waterethanol solutions in comparison with pyrene of similar concentrations (see Figure 1(b) ). In water media the fluorescence of benzo(a)pyrene at a concentration of 10 −5 g/L (4⋅10 −8 M) was not detected as well.
Since the molar concentration of benzo(a)pyrene in the sorbate was lower and the intensity of SSF higher than those of pyrene we can conclude that benzo(a)pyrene has the better affinity for the surface of the matrix than pyrene. Therefore we may be sure that the results obtained in subsequent experiments with pyrene will also correspond to benzo(a)pyrene.
Consequently, a significant increase in the fluorescence signal of pyrene and benzo(a)pyrene on the CDA films was found in comparison with aqueous solutions that makes SSF technique with the CDA matrix promising for use in environmental monitoring. It is important that the fluorescence intensity of the substances on this matrix remains at the same International Journal of Optics 3 [24] : T is the boiling temperature, the density, r the dielectric constant, the dipole moment, @ T N the empirical parameter of the solvent polarity, , and the Kamlet-Taft solvatochromic parameters ( is the hydrogen bond acceptor ability and the hydrogen bond donation ability). The spectra were obtained using ex = 320 nm for pyrene, ex = 296 nm for benzo(a)pyrene. level within 2 months, which is convenient for preserving the results of analysis, for example, for their subsequent verification.
Solvent Effect at the SSF of Pyrene. Pyrene solutions in water-organic media with concentrations of 2⋅10
−4 , 2⋅10 −5 , and 2⋅10 −6 g/L were used in our experiments. Stock pyrene solutions were prepared in solvents with different physical properties [24] (see Table 1 ). The solvent concentration in the most concentrated aqueous pyrene solution was 0.2%. The choice of these solvents was due to pyrene and other PAH being soluble in them and their ability to mix with water.
In Figure 2 the SSF intensities of pyrene on the CDA film after sorption from the water-organic solvent systems are compared. It can be seen from the diagram that with a pyrene content of 2⋅10 −6 g/L the solvent has little effect on the SSF intensity. At a pyrene concentration of 2⋅10 −5 g/L, the SSF intensities differ, depending on the solvent nature, and the strongest fluorescence signal was detected in the case of DMSO. At a pyrene concentration of 2⋅10 −4 g/L, the highest SSF signal was detected in the water-ethanol medium.
It follows from the data obtained that when using the organic solvents DMSO and ethanol, high fluorescence intensities of pyrene were observed. Moreover, these solvents are the least toxic (see Table 1 ) [29] , so they are more preferable in analytical practice.
The influence of the solvent concentration (ethanol and DMSO) in the sorbate on the SSF intensity of pyrene was estimated. To this end, pyrene was sorbed from its 2⋅10 −5 g/L aqueous solutions with various solvent contents onto CDA films and the fluorescence spectra of the probe in the solid phase of the matrices were recorded. It has been established that the SSF intensity of pyrene is the highest when the content of the both solvents in the aqueous media is 1.2-4.2 vol% (see Table 2 ), but the SPL intensity of the pyrene signal in the presence of DMSO is 1.7 times (on the average) higher than that in the case of ethanol.
Pyrene solvation in DMSO apparently leads to more efficient concentrating of the probe on the hydrophobic CDA matrix [22, 23] . Analysis of the reference data presented in Table 1 has shown that DMSO has a higher dielectric constant and a higher dipole moment than ethanol, but judging by the empirical parameter @ T N , its polarity is much lower than that of ethanol; besides, it is a hydrogen bond acceptor ( = 0.73), while ethanol is a hydrogen bond donor ( = 0.86), i.e., it is a protic solvent. It is known that when solvent mixtures are used, selective solvation of the substance proceeds, i.e., the formation of a shell from the molecules of the preferred solvent near the solute molecule [24] . Pyrene is a hydrophobic (nonpolar) compound, with a planar molecule with electron density distributed throughout it. In aqueous media, DMSO, owing to its chemical structure and physical properties ( r , ), is a more effective solvating agent for pyrene than ethanol. In an aqueous solution, the solvation shell made of DMSO molecules has its own micropolarity, which probably affects the processes of pyrene sorption. It is also possible that the hydrogen bond acceptor ability of DMSO due to the S = O group determines the efficiency of concentrating of the probe on the surface of the matrix, since the monomeric units of cellulose diacetate contain hydroxyl groups (hydrogen bond donors). To explain the discovered phenomenon requires additional research. It should be noted that an increased DMSO content in the aqueous medium above 20% leads to a change in the CDA film properties, which negatively affects the results of SSF analysis.
Thus, DMSO manifests itself as the most effective solvent of pyrene during sorption from an aqueous medium onto a CDA film, the optimum range of DMSO concentrations in aqueous media being 1.2-4.2 vol.%.
Quantitative SSF Analysis of Pyrene in Model Aqueous
Solutions. To assess the possibility of quantitative pyrene analysis in aqueous media, we plotted the dependence of the fluorescence intensity of pyrene in the sorbent phase on its concentration in aqueous solutions containing 1.2% of DMSO. The dependence was plotted within the pyrene concentration range 2⋅10 −11 -2⋅10 −6 g/L. Dynamic sorption of pyrene from solution on the CDA matrices was performed by passing 10 ml of the solution through the sorption column at least five times at a rate of 1 drop/s. The films with PAH were dried, after which SSF spectra of pyrene were recorded. The dependence shown in Figure 3 was plotted from the maximum of the second peak of the pyrene fluorescence spectrum ( em = 394 nm and ex = 320 nm).
It can be seen from Figure 3 that the semilogarithmic concentration dependence has a linear character in the range of 2⋅10
When the pyrene concentration in the sorbate is decreased down to 2⋅10 −11 g/L, the SSF signal intensity has very low values and varies little. With further reduction in the pyrene concentration, the signal on the matrix is not detected, i.e., the detection limit of pyrene is 2⋅10 −11 g/l (10 −13 M). For the quantitative analysis of pyrene, a calibration graph was plotted in the concentration range 2⋅10 −6 -2⋅10 −8 g/L (see Figure 4) . Table 3 presents the data of the statistical processing of our experimental data.
Thus, we have plotted the dependence of the SSF signal on the pyrene concentration in the sorbate, it has a linear character in the range 2⋅10 −6 -2⋅10 −8 g/L (pyrene), and the detection sensitivity of the substance was fixed at 2⋅10 −11 g/L, which is below the maximum permissible concentration limit International Journal of Optics 5 of the most toxic PAH (benzo(a)pyrene) in drinking water. Consequently, the application of our CDA matrices and the SSF analysis conditions allows analyzing PAH traces in environmental objects.
Conclusions
The possibility of determining PAH in aqueous media using the method of solid-surface fluorescence on the cellulose diacetate films was proved on the example of pyrene and benzo(a)pyrene. A significant increase in the fluorescence signal of the both substances adsorbed on the CDA films from water-ethanol solutions was found in comparison with aqueous solutions. The most SSF intensity was noted for benzo(a)pyrene.
The effect of the solvent nature (acetonitrile, ethanol, dimethyl sulfoxide, and dioxane) and its concentration on the fluorescence intensity of pyrene sorbed on the CDA film from a water-organic solution was studied. It was shown that DMSO and ethanol are the most effective solvent additives for pyrene solid-surface fluorescence. The maximum SSF signal of pyrene was found upon sorption of the substance from aqueous media containing 1.2-4.2 vol% DMSO.
On the basis of comparative analysis of physical properties (dielectric constant, dipole moment, polarity, and hydrogen bond acceptor/donor ability) of ethanol and DMSO it has been concluded that in aqueous media DMSO is a more effective solvating agent for hydrophobic (nonpolar) pyrene than ethanol. In water-solvent mixture DMSO molecules form a shell around a pyrene molecule. This solvation shell has its own micropolarity, which probably affects the processes of pyrene sorption. The hydrogen bond acceptor ability of DMSO due to the S = O group may determine the efficiency of concentrating of the probe on the surface of the CDA matrix.
A sorption-luminescent method for the determination of pyrene in aqueous media was developed, which involves dynamic sorption of pyrene from aqueous solutions containing 1.2% DMSO per CDA film; recording of SSF spectra in the range of 350-420 nm at exp = 320 nm; determination of the pyrene concentration from the concentration dependence of the SSF intensity at the maximum of the spectrum at em = 394 nm. The dependence has a linear character in the pyrene concentration range 2⋅10 −6 -2⋅10 −8 g/L, and the limit of pyrene detection is 2⋅10 −11 g/L. SSF technique with the CDA matrix is promising for use in environmental monitoring of PAH traces.
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